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Abstract: The development of the wet bulb under drip irrigation in sand-covered soils presents a
different behavior compared to the one observed in homogeneous soils. Moreover, the presence of
a very active crop imposes a series of variations that have not been fully characterized. The aim of
this work is to present the data acquisition methodology to calibrate and validate the Hydrus-3D
model in order to safely define the evolution of moisture in wet bulbs generated in stratified “sanded”
soils characteristic of greenhouses with intensive pepper crop under drip irrigation. The procedure
for collecting and processing moisture data in stratified soils has been defined. Soil permeability;
retention curve, texture, and bulk density have been measured experimentally for each material.
It has been found that the inclusion of a previous day in the simulation improves model predictions of
soil moisture distribution. In soils with less gravel, a lower average stress and a more homogeneous
moisture distribution were observed. It has been proved that the Hydrus-3D model can reproduce
the behavior of sand covered soils under intensive greenhouse growing conditions, and it has been
possible to verify that the predictions are adequate to what has been observed in the field. In view of
the results, the Hydrus-3D model could be used to establish future irrigation strategies or to locate the
optimal placement point of tensiometers that control irrigation in sandy soils for intensive agriculture.
Keywords: stratified; layered; “sanded” soils; drip irrigation; greenhouse; hydrus-3D model
1. Introduction
Greenhouse cultivation has proven to be an energy [1] and water [2] efficient solution
for extra-early vegetable production, which allows maintaining the vegetable production
cycle throughout the year. This production depends on many factors, perhaps the main one
being the localized irrigation system. In this area, the availability and quality of irrigation
water will be one of the most limiting factors for the development of this agricultural
practice.
The use of sand covers to improve soil moisture and temperature has been known for
a long time [3,4]. In the intensive crops of the Spanish Southeast, it began to be used from
the middle of the 20th century, fundamentally to avoid evaporation from the soil [5] and
the capillary rise of the salts contained in the water available for irrigation [6]. This fact,
together with the poor quality of the available soils and the presence of more or less large
pieces of limestone at the base of these, frequently appearing in extensive areas, made the
farmer seek to improve it with the contribution of fertile soil from other areas.
Fortunately, in the zone there are lacustrine deposits of clayey materials that were used
almost immediately for this purpose. A thin layer of organic matter (manure, compost, or
peat) was added to the layer of more or less clayey soil and the layer of sand to improve
the root environment. Sandblasting, as it has become standardized today, is a technique
Water 2021, 13, 600. https://doi.org/10.3390/w13050600 https://www.mdpi.com/journal/water
Water 2021, 13, 600 2 of 17
that consists of placing a layer of soil between 0.15 and 0.40 m above the original material,
a thin layer (0.005 to 0.010 m) of organic matter, and on top of this a layer of sand of about
0.05 to 0.10 m. An outline of this arrangement is shown in Figure 1.
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to know the shape of th wet bulb formed by the emi ters [7]. Flow from a d ip emitter,
due o its multi-dimensional nature and high frequency of water application, ent ils a
cer in complexity of soil m isture odeling dynamics [8]. Therefore, nume ous auth rs
have attempt d to define the evolution of the wet bulb in drip irrigation using macroscopic
odel . For example, Schwartzman and Zur [9] developed an empirical mod l to esti-
ate the vertical and horizontal distances of a wetting front from a surface point ource.
Amin and Ekhmaj [10] verified this model using several experimental data sets and modi-
fied it by including saturated soil water content as one of the model parameters. Finally,
Kandelous et al. [11] developed an empirical model to estimate the upward, downward,
and horizontal distances of the wetting front from a subsurface point source. There have
also been attempts to approach the problem from a more rational point of view [12,13].
In stratified soils, such as “sanded” soils, water distribution can change substantially
with respect to the case of homogeneous soils [14]. The characteristics of the base layer and
sand cover have a great influence [15], as it does not allow a clear view of the wet or dry
area and may also favor the circulation of water through preferential routes. In addition,
it is possible that the wet bulbs overlap in a relatively short time since the usual practice is
to separate the emitters a very small distance, typically 0.2 to 0.5 m [16].
The influence of the root is also not negligible, since the consumption must be attended
from a relatively small volume of soil so that the drying of the profile can be quite fast [17].
Different measurement techniques have been used to visualize the role of the root in the
wet bulbs formation of in this type of soil, from direct measurements in soil profile cuts [18]
to the direct monitoring of root distribution [19] or different soil parameters such as water
tension in the soil or moisture content [20].
The Hydrus Model, originally proposed by Šimunek et al. [21] can be used both for
direct problems when the initial and boundary conditions of all processes involved and
for the corresponding model parameters are known, and for inverse problems when some
of the parameters must be calibrated or estimated from observed data. The movement
of water in the soil, in this model, is based on the numerical resolution of the Richards’
equation [22].
This model has been widely used to simulate water flow and solute transport in soils
and groundwater with varying saturation [23,24]. Surface [25] and sprinkler irrigation [26]
processes have also been successfully simulated with this tool. However, where this model
reaches one of its greatest potential is in the study of localized irrigation [27,28] in its 2D
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and 3D versions. Elnesr and Alazba [29] showed that 3D simulations are more successful
and reliable than 2D simulations in terms of mass balance error.
Several authors [30], using tensiometers and neutron probe, have addressed the
parameterization of this model and they found that the fit of the simulations was better at
positions close to the dripper and worse at positions outside its wetting pattern. Even the
overlap between wet bulbs has been studied with this model [31] and simulations of the
water content and wetting front were close to the observed data.
However, although there are studies on the application of Hydrus on stratified
soils [32–34], in general, they refer to vertical infiltration processes and there are few works
on the application of Hydrus 3D on moisture movement processes in three dimensions in
stratified soils [35,36]. It is important to note, however, that this type of soil requires careful
analysis since it is made up of layers of different origins, with a very homogeneous texture
in each layer but is very different between them, which would never be found arranged in
such a pattern in natural soils. Furthermore, Hydrus has not been applied or, consequently,
calibrated in this type of soils typical of these greenhouses with intensive production.
Proposing solutions for this kind of soils is of enormous scientific and economic
interest since crops managed in this way are estimated to provide fresh vegetables to
56 million people in Europe during the winter [37]. The aim of this work is to present
the methodology of data acquisition and the actions carried out to properly calibrate the
Hydrus-3D model in order to safely define the evolution of moisture in wet bulbs generated
in stratified “sanded” soils used in intensive horticultural greenhouse crops under the
usual irrigation conditions in this area.
2. Materials and Methods
Test location
The trials were carried out at the IFAPA Center La Mojonera (Almeria, Spain). For the
experimentation, two multi-tunnel type greenhouses of 900 m2 called B7 and B8 were used.
The position of the center as well as the precise location of the tests are shown in Figure 2.
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Watering system 
The watering system is automatic, with drippers of nominal flow Qn = 8.33 × 10−7 
m3.s−1, self-compensating, and Netafim PJC Anti-drainage. The irrigation pipes are ar-
ranged in paired lanes, with a distance between them of 0.65 m and a distance between 
lanes of 1.20 m. Within the watering line, the emitters are spaced by 0.5 m apart. The ar-
rangement of the watering frame is shown in Figure 3. Irrigation control is carried out by 
means of classic tensiometers with a built-in pressure transducer, which indicates to a 
computer that the set tension has been reached and this commands the irrigation au-
tomaton to carry it out by automatically opening and closing electrovalves. Following the 
usual recommendations for irrigation in the area, for sweet pepper, a tension of ψ = 1 m 
was set, the programmed irrigation time was of 1200 s. Under these conditions, humidity 
variations are expected to be minimal that will allow testing the sensitivity of the probes 
and the model. 
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Watering system
The watering system is automatic, with drippers of nominal flow Qn = 8.33 × 10−7 m3·s−1,
self-compensating, and Netafim PJC Anti-drainage. The irrigation pipes are arranged in
paired lanes, with a distance between them of 0.65 m and a distance between lanes of
1.20 m. Within the watering line, the emitters are spaced by 0.5 m apart. The arrangement
of the watering frame is shown in Figure 3. Irrigation control is carried out by means of
classic tensiometers with a built-in pressure transducer, which indicates to a computer that
the set tension has been reached and this commands the irrigation automaton to carry it out
by automatically opening and closing electrovalves. Following the usual recommendations
for irrigation in the area, for sweet pepper, a tension of ψ = 1 m was set, the programmed
irrigation time was of 1200 s. Under these conditions, humidity variations are expected to
be minimal that will allow testing the sensitivity of the probes and the model.
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Each sample was dried in the laboratory and each subsample was analyzed separately. 
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Water 2021, 13, 600 5 of 17




Figure 3. Arrangement of paired lanes typical of intensive agriculture (units in m).  Indicates probes position. 
Soil 
The soil, in both greenhouses, is the typical layered soil used for horticultural crop in 
Almeria. The sand layer was 0.050 m, the organic layer 0.005 m, and the added soil layer 
0.150 m. On the other hand, the added soil is different in both cases, and although both 
are of a clayey texture, B8 soil has 33% coarse materials (D > 0.002 m), and the one cor-
responding to greenhouse B7, only contains 3% coarse materials. The original material 
varied from sandy loam to clay loam as depth increased. 
A vertical core was taken on each kind of soil and each sample was subdivided re-
specting the changes in material and in any case with a maximum thickness of 0.050 m. 
Each sample was dried in the laboratory and each subsample was analyzed separately. 
The gravel and coarse sand were separated by sieving at 0.002 m and 0.0005 m, the rest, 
the fine fraction, was analyzed by the Bouyoucos densimeter technique [38] to obtain the 
different textural classes (clay, silt, and sand). The variation of each fraction obtained as a 
function of depth is shown in Figure 4. 
 
Figure 4. Fine fraction texture of soils B7 and B8, used in the tests. Figure 4. Fi e fractio text re of soils B7 and B8, used in the tests.
From a textural point of view both soils are clayey in its contributed part and sandy
loam in its basal part. This circumstance can lead to calculation errors since both are
different in the distribution of the coarser elements. For this reason, it is necessary to
measure the soil moisture retention curve.
The textures of the soils provided are representative of the horticultural crop of
Almeria. The contributed soil with very few coarse elements, obtained by decanting clays
from materials coming from quarries is called B7, and the soil with a clayey material coming
directly from quarries and containing a considerable fraction of coarse materials is called
B8. The original soil layer is highly permeable alluvial gravel. This soil allows the washing
of salts, but requires a finer control of the irrigation water so that it is not lost excessively in
the form of drainage.
In Figures 4 and 5, the blue zone represents the original soil, the ochre zone represents
the added soil, and the dark band represents the manure layer.
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the watering was activated, the duration was fixed on 1200 s. 
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It has been observed that the bulk density took very high values, so a determination
of this was made. The obtained values are shown in Figure 5.
In both cases, a high bulk density is observed for the clayey texture layer in the first
centimeters, probably due to the passage of the people tending the crop and the compaction
that the material suffers during its addition. This circumstance favors a more horizontal
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distribution of the roots since the penetration in depth is difficult. The original soil, on the
other hand, presents normal characteristics for its texture.
Crop management
The crop was sweet pepper (Capsicum annuum L var. Mazo) planted on 17 September,
2018. The water was obtained from desalinated water and saline well water, which was
mixed until the desired conductivity was achieved, in this case CEw = 1 dS·m−1. In addi-
tion, an irrigation control was carried out by means of Irrometer-SR tensiometers, 30 cm
in length with a coupled transducer that allows automating the irrigation. They were
installed at 0.130 m from the irrigation line and at 0.130 m from the line perpendicular to
the pipe, which crosses the plant’s stem. The installation depth was also, 0.130 m with
respect to the level of the soil provided. In the study area, it is common to use this type of
tensiometer, and in this specific case, the activation tension was 1 m. Once the watering
was activated, the duration was fixed on 1200 s.
Moisture measurement
The control was carried out at two depths: Just under the sand layer (z = 0.100 m)
and at the bottom of the crop profile (z = 0.200 m). In these facilities, a weather station
records data of reference evapotranspiration inside an Almeria type greenhouse every hour
to monitor the crop water extractions.
Moisture was measured at 10 points distributed around a dripper as indicated in
Figure 3. Seven probes at 0.050 m depth in the added soil layer (z = 0.100 m) and three
probes at a 0.150 m depth were placed near the original soil layer (z = 0.200 m). The sensor
used is the so-called TE5 from Decagon Devices Inc. (Pullman Washington, DC, USA).
The signal from each sensor was collected through a communication protocol that allows
the sequential collection of a very high number of signals (more than 20 different ones), then
scaled by a processor, and stored in a small internal memory. When the system detects that
it has coverage, it is sent to the network where it is stored on the manufacturer’s website
and from there it can be downloaded to the research team’s computers. The sampling
frequency has been set at one piece of data every minute.
Installation of the equipment
The planting frame coincides with the drippers, being the separation between drippers,
Sg = 0.500 m and the separation between irrigation pipes, Sr = 1.200 m, for this reason the
probes were placed up to the middle of the planting frame. The coordinates of each probe
were taken with respect to the dripper and the factory reference of each probe was noted
to always check the consistency of the data series. In this first phase, it was considered
that the soil was homogeneous in each layer and therefore a quadrant of the drip frame
was checked
On 16 October 2018, the sensors were installed in the first test point, with B7 soil.
Days later, on 26 October 2018, the second unit was also installed in the soil B8 and the
arrangement of the probes was identical in each test and is shown in Figure 3, although
the numbering has sometimes changed for reasons of equipment configuration. On the
other hand, the exact positions of each probe are shown in Table 1. This distribution was
considered adequate to have more information about the points, a priori more interesting,
with the possibility of changing it if the results would make it advisable later. According
to the manufacturer, the probes integrate measurements of a volume of about 250 cm3
and their influence extends about 3 cm around the probe. Therefore, they were installed
horizontally in order to collect data from depths as close as possible.
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Table 1. Position of probes, considering the dripper as (0,0,0) coordinates, in sweet pepper (2018–19).
Equipment 1 Soil B7 Equipment 2 Soil B8
Probe x (m) y (m) z (m) Probe x (m) y (m) z (m)
1 0.250 0 0.050 1 −0.250 0 0.050
2 −0.250 0 0.050 2 0 0 0.150
3 0 0.300 0.050 3 0 0.300 0.150
4 −0.250 0 0.150 4 0.250 0 0.050
5 −0.250 0 0.050 5 0 0 0.050
6 0.250 0 0.050 6 0.250 0 0.150
7 0 0 0.150 7 0 0.600 0.050
8 0 0 0.050 8 0 0.300 0.050
9 0 0.300 0.150 9 0.250 0.600 0.050
10 0 0.600 0.050 10 −0.250 0.600 0.050
Figure 6 shows a diagram of the arrangement of the probes on the ground B8 indicating
the position of the probes in the two selected depths.
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pression estimates the soil moisture retention as a function of humidity [39,40] and in our 
case the best adjustments were obtained with those proposed by Van Genuchten, as a 
function of moisture θ, residual moisture θr, porosity θs, inverse of air entry potential α, 
an exponent n, and the tension ψ. 
In this work the retention curve used is (Equation (1)): 
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function of moisture θ, residual moisture θr, porosity θs, inverse of air entry potential α, 
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where the different coeff cients can be obtained from texture d ta or from the curves 
measured directly from soil samples. In this case, it was decided to d termine the curve 
directly and then adjus  the param ters through an optimization scheme based on min-
imizing the sum of squared errors. The nonlinear Generalized Reduced Gradient GRG 
resolution method has be n used. 
Soil samples w re taken from the gre nhouses wh re the test was conducted. Soil sam-
ples w re also taken from the base, whic  had a sandy texture and included gravel. Finally, a 
sample of the surface sand was taken. The samples were taken in 1-L cans, all of them 
equal, trying to ke p the sample unaltered. 
Moisture was measured by weighing the sample on consecutive days and drying it 
in an oven a  th  end of the series of measurements. For this reason, and so tha  the d ta 
wa  suitable for the Hydrus-3D model, the bulk density of the sample was also meas-
ured. The tension was measured with Irrom ter Watermark plaster block tensiom ters 
and the recording was made with the device offered by the manufacturer. 
Samples and sensors were arranged on 1  December 2018 and d ta was recorded 
until 18 February 2019. The device wa  set up in a laboratory at r om temperature and 
the measurements were all taken at 8:30 am. The units of measurement for humidity 
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, z = 0.150 ).
The equipment is rem ved for maintenance and recalibrati n in July, when the culti-
vation period ends, following the usual practice in the area.
Characterization of soil parameters for the Hydrus-3D model
The Hydrus-3D model, with which the data was processed, is demanding in terms of
parameters. For a good result, it is necessary to characterize the texture, the distribution of
roots, the retention curve, as well as the permeability of each proposed material.
The soil moisture retention curve is an interesting tool for agronomic management and
is important in the characterization of water and salt movement in soils. This expression
estimates the soil moisture retention as a function of humidity [39,40] and in our case the
best adjustments were obtained with those proposed by Van Genuchten, as a function of
moisture θ, residual moisture θr, porosity θs, inverse of air entry potential α, an exponent
n, and the tension ψ.
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Soil samples were taken from the greenhouses where the test was conducted. Soil
samples were also taken from the base, which had a sandy texture and included gravel.
Finally, a sample of the surface sand was taken. The samples were taken in 1-L cans, all of
them equal, trying to keep the sample unaltered.
Moisture was measured by weighing the sample on consecutive days and drying it
in an oven at the end of the series of measurements. For this reason, and so that the data
was suitable for the Hydrus-3D model, the bulk density of the sample was also measured.
The tension was measured with Irrometer Watermark plaster block tensiometers and the
recording was made with the device offered by the manufacturer.
Samples and sensors were arranged on 11 December 2018 and data was recorded
until 18 February 2019. The device was set up in a laboratory at room temperature and
the measurements were all taken at 8:30 am. The units of measurement for humidity were
those offered by the device (%) and the tension measurements were in the same way in
cbar and then converted in m.
The hydraulic conductivity at saturation, ks, was determined by means of a vertical
permeameter with a constant load under saturation conditions. The sample was taken by
means of a cylinder tapered towards the interior and in this same device, the permeability
was measured.
Root calibration for Hydrus-3D model
The root distribution was determined by sampling with controls at different points
around the plant. Each sample was subdivided into subsamples 0.050 m deep and the
length of roots was counted using Newman’s technique [18]. These data were used to fit
the model by Vrugt et al. [41,42], which is the model used by Hydrus-3D to characterize
root water extraction.
The Hydrus model needs a description of the root, to quantify its extraction capacity
and the distribution of this capacity in the soil. The extraction model used by Hydrus
provides a dimensionless value for water extraction capacity, so the root density values
per unit volume have been normalized by dividing them by the highest value found in the
analyses. With these normalized data, the Vrugt model has been adjusted using the non-
linear GRG resolution method. The parameters found are xm, = 0.2551 m, ym = 0.2164 m,
zm = 0.1585 m, x* = 0.0561 m, y* = 0.0 m, z* = 0.0766 m, px = −4.05, py = 2.42, and pz = 5.85
(px, py, and pz are non-dimensional).
The adjustment was made by means of least squares between the measured and
estimated data. The restriction that the variables xm, ym, zm, x*, y*, and z* were greater than
zero was imposed since they express real lengths. Given the high number of parameters,
the adjustment process was carried out in phases, adjusting the parameters by similar
groups, that is, the model was adjusted for xm, ym, and zm, then x*, y*, and z* were
adjusted, and finally px, py, and pz. After a previous iterative process, we worked with
all parameters at the same time. This method obtained satisfactory results. Adjustments
were made considering the depth z from the soil surface, that is, including the sand layer
(0.050 m) in which roots are not normally observed. In a previous test, considering only
from organic matter downwards, the adjustments were better, which reveals the difficulty
of the model to reflect the presence of rootless layers. Further information on root behavior
in stratified soils can be found in other works of the research team [43].
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Data Collection
After several days of testing, data transmission began on 23 October 2018. The data
was received through an application called zGreen, provided by the manufacturer that
allows access through any Internet browser.
The application allows one to download data and review it, using the corresponding
buttons. The data can be downloaded in text format separated by commas (csv) which
facilitates its acquisition by the most used calculation programs.
After a preliminary analysis of the data, abnormally low values were observed in
the near-surface probes. Initially, the most superficial probes were placed 0.020 m below
the sand. After a few days of measuring, it was found that the result they offered could
be more difficult to interpret since the sensor had a cylindrical influence surface and was
0.055 m in diameter. Consequently, part of the reading was being made in the sand layer,
which contains very little moisture. The probes were then reinstalled at a depth of 0.050 m.
This operation was carried out on 30 November 2018.
Goodness of fit
To evaluate the goodness of the adjustments obtained, the so-called index of agreement
was used [44], which, as a standardized measure of the model’s degree of prediction error,
varies between 0 and 1. A fit value of 1 indicates a perfect match, and 0 indicates no fit at
all. The adjustment index can detect additive and proportional differences in the means
and variations observed and simulated, however, it is overly sensitive to extreme values




∑ni=1(|pi − o|+ |oi − o|)
2 (2)
where oi is the observed value, pi the simulated value, and ō the mean value of the mea-
sured values.
3. Results
In the sweet pepper crop cycle, given the large amount of data, some of which was the
result of measurement errors, the average monthly distribution of moisture was studied.
The data collected, as expected, shows little variation in humidity over time [45,46]. In other
words, the soil provided, with a clayey texture, quickly redistributes the humidity and the
probes register very small variations. This circumstance presents a scenario of maximum
demand for the probes and for the equipment used. The rapid variation of humidity at
times around irrigation makes a much more detailed treatment necessary.
3.1. Moisture Retention Curve of Greenhouse Soils
Once the values specified in the methodology have been measured, the theoretical
curves have been calibrated. To do this, the least-squares adjustment of Equation (1) is
performed, using the Excel Solver routine to find the best values of the parameters θs,
θr, α, and n. Table 2 shows these values, as well as the bulk density δa and the Index of
agreement, Ia, for the best fit. The moisture measurements were made on weight values
and have subsequently been converted to volumetric values by means of the measured
bulk density and considering apparent volume of the sample. Organic matter parameters
were obtained from bibliography [47].
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Table 2. Van Genuchten curve parameters obtained by the least squares adjustment procedure. δa, ks and Index of
agreement, Ia, for the best fit is also given.
B7 B8 Original Soil Organic Matter Cover Sand
θs (%) 31.99 24.56 7.403 89.50 3.51
θr (%) 5.62 0.00 0.00 8.69 0.63
α (m−1) 2.24 × 10−7 4.72 × 10−7 2.33 × 10−7 2.7 × 10−6 1.496 × 10−6
n 3.310 2.077 2.282 1.391 2.593
δa (kg·m−3) 1740 1490 1790 1440 1510
ks(m·s−1) 2.93 × 10−8 6 × 10−7 1.2858 × 10−5 2.199 × 10−5 9.334 × 10−4
Ia (%) 99.97 99.84 99.39 99.70 98.20
Figure 7 shows the point cloud of the measured data (moisture in weight) and the best
fitting curve for each material.




Figure 7. Best-fit point cloud and moisture retention curve for the soils tested. 
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With the data and measured curves, the information that the Hydrus-3D model 
needs is provided. This operation resulted in the definition of a simple multi-layered 3D 
model. The most superficial layer, 0.050 m thick, will be of coarse sand with the proper-
ties measured for this material. The layer of organic matter is 0.005 m, in line with what 
was observed in the experimental plot. The layer of material provided will be 0.150 m, 
which is the average thickness observed in the experimental plots. A very thick layer 
(>0.800 m) has also been prepared with the characteristics of the original material. 
The simulations were implemented in simple 3D geometry, with lengths in mm, and 
the working block size was 0.250 × 0.600 × 1.000 m. The processes activated were water 
flow and root water extraction. For water extraction by the roots, the Feddes option was 
used with P0 = −0.100 m, P0pt = −0.250 m, P2H =− 8.000 m, P2L = −15.000 m, P3 = −80.000 
m, r2H = 5.787 × 10−8 m.s−1, and r2L = 1.1566 × 10−8 m.s−1. The time unit was minutes up to a 
total of 2880, with 144 variable boundary values, every 20 min each, coming from data 
taken by a nearby weather station inside a similar greenhouse. Figure 8 shows the evap-
otranspiration data used as boundary variable values. 
The maximum number of iterations was set at 20, with a 0.001 tolerance for moisture 
content and 0.010 m for tension. The initial condition was established as a constant stress 
of 0.500 m throughout the profile. 
fi
3.2. Estimation of Water Movement Using the Hydrus-3D Program
With the data and measured curves, the information that the Hydrus-3D model
needs is provided. This operation resulted in the definition of a simple multi-layered 3D
model. The most superficial layer, 0.050 m thick, will be of coarse sand with the properties
measured for this material. The layer of organic matter is 0.005 m, in line with what was
observed in the experimental plot. The layer of material provided will be 0.150 m, which is
the average thickness observed in the experimental plots. A very thick layer (>0.800 m) has
also been prepared with the characteristics of the original material.
The simulations were implemented in simple 3D geometry, with lengths in mm, and
the working block size was 0.250 × 0.600 × 1.000 m. The processes activated were water
flow and root water extraction. For water extraction by the roots, the Feddes option
was used with P0 = −0.100 m, P0pt = −0.250 m, P2H =− 8.000 m, P2L = −15.000 m,
P3 = −80.000 m, r2H = 5.787 × 10−8 m·s−1, and r2L = 1.1566 × 10 8 m·s−1. The time unit
was minutes up to a total of 2880, with 144 variable boundary values, every 20 min each,
coming from data taken by a nearby weather station inside a similar greenhouse. Figure 8
shows the evapotranspiration data used as boundary variable values.




Figure 8. Time variable boundary conditions for 9 and 10 February, 2018. 
It has been observed that the initial soil conditions can only be set as a constant value 
for each depth. Since the initial soil conditions should be variable in the 3 dimensions of 
space, two consecutive days in February were chosen to reproduce this situation, of 
which the hourly evaporation is known and whose irrigation episode occurred on the 
second day. In this way, it is possible to reach the beginning of the second day with var-
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the crop, once the tension of ψ = 1.000 m is reached, is always 20 min long. 
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that water would not pass through this surface. Given the conditions of the test and tak-
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tion, the expected tension of ψ = 1.000 m should be reached at the position of the tensi-
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The maximum number of iterations was set at 20, with a 0.001 tolerance for moisture
content and 0.010 m for tension. The initial condition was established as a constant stress
of 0.500 m throughout the profile.
It has been observed that the initial soil conditions can only be set as a constant value
for each depth. Since the initial soil conditions should be variable in the 3 dimensions of
space, two consecutive days in February were chosen to reproduce this situation, of which
the hourly evaporation is known and whose irrigation episode occurred on the second day.
In this way, it is possible to reach the beginning of the second day with variable tension
conditions around the emitter and the plant. The irrigation programmed for the crop, once
the tension of ψ = 1.000 m is reached, is always 20 min long.
In the localized irrigation process, a small-saturated zone is formed under the dripper
from which the infiltration takes place [13]. In line with the findings of other authors [29],
some instability of the model has been observed when the flow was too high. For this
reason, a variable flow source 1.333 × 10−4 m·s−1, corresponding to a quarter of the
emitter’s flow in a surface of 0.0015625 m2 was applied. This simulates a quarter of the soil,
since the model places the root in the coordinates (0.0) of the simulated block by default. For
the lateral surfaces and the bottom of the prism, it was considered that the most appropriate
boundary condition was that of no flow, whose main characteristic is that water would not
pass through this surface. Given the conditions of the test and taking into account that
both the emitter and plant are located in the upper left corner, it was considered the most
appropriate condition. The upper surface was considered under atmospheric conditions.
To adjust the model, different initial tension values were proposed, uniform throughout
the profile, with the requirement that, at the time of irrigation, the expected tension of
ψ = 1.000 m should be reached at the position of the tensiometer. The recorded time of
irrigation on the chosen day, 10 February 2018, was 15:00 h and the simulation began at
00:00 h the previous day. Therefore, irrigation starts at time t = 2340 min.
s an exa le, in Fig re 9, critical o ents of the ay are selecte . s co ente ,
t e si lati is starte t e a ef re s t at t e a t e si late fi s t e ress re
iti s correctly distributed in the 3 dimensions. The beginning of the day is presented
at minute 1440 of the simulation, which corresponds to midnight. The effect of the water
extraction by the crop on the previous day persists. The beginning of the day, and con-
sequ ntly, he beginn g of the crop’s evapotranspiration occurs at minute 180 of t e
r i t i t r file
se ts an almost homogeneous humidity. In minute 2180, a remark ble extrac ion by the
crop has already been r ached, which reaches its greatest extension in minute 2320, when
the irrigation t kes plac (the irrigation starts in minute 2340). From there, areas with a
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moisture deficit are filled from the water provided and from the redistribution from other
points of the profile. At the end of the day a situation very similar to that of the beginning
has been reached.
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Figure 9. Evolution of soil moisture (fraction) simulated with Hydrus-3D for a day of cultivation and irrigation operation of
20 min. Variation over the second full day is shown. Sweet pepper soil B8.
The thermal oscillation and the evaporation, inside a greenhouse, remain very similar
for different days of February. For this example, any day was chosen when an irrigation
was applied.
A series of observation points were defined in the model, coinciding with the positions
of the probes installed in the field, in order to compare the field measurements with the
values predicted by the Hydrus-3D model. Figure 10 shows the simulated (S) with Hydrus-
3D and values measured (M) with the probes, shown in series of the same color, follow the
same evolution. A similar behavior was observed in a vineyard [48] using a procedure like
the one presented in this work.
Although measurements are available every second, some of them have been removed
to make the dots on the graph more visible.
The slope of the simulated vs. measured value line and the adjustment index for each
observation point tested, are shown in Table 3 and suggest an adequate representation of
water movement in this type of soil.
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Table 3. Slope m of the simulated vs. measured value line passing through the origin and adjustment
index, Ia, for a series of probes.
P5 P2 P8 P6 P3 P10–P9 P7 P4–P1
m(0,0) 0.990 0.999 1.002 0.993 1.002 1.004 0.996 0.995
Ia 1.000 0.997 0.988 1.000 1.000 1.000 1.000 0.999
For the fitting of the model, the condition that the moment in which the set point
tension was reached in the place where the tensiometer was placed. For this test, the
tensiometer was placed 0.130 m from the dripper and 0.130 m perpendicular to the drip
line. The depth of the capsule was 0.100 to 0.150 m measured below the surface of the soil
provided. Figure 11 shows the evolution of tension (m) for 0.130 m depth below the surface
of the added soil (z = 0.180 m from the soil surface).




Figure 11. Tension evolution (m) for 10 February 2018. The position of the tensiometer is shown with a red cross +. Soil B8, 
0.130 m depth in the added soil layer. 
It can be seen that the 1.000 m tension line passes through the position of the ten-
siometer approximately at the time when irrigation started. The tension conditions are 
maintained for a few minutes and by midnight, the initial conditions have been recov-
ered. 
Once the model was adjusted for both soils, the influence of root distribution on the 
evolution of moisture and tension was studied. Figure 12 shows the tension distribution 
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It can be seen that the 1.000 m tension line passes through the position of the ten-
siometer approximately at the time when irrigation started. The tension conditions are
maintained for a few minutes and by midnight, the initial conditions have been recovered.
Once the model was adjusted for both soils, the influence of root distribution on the
evolution of moisture and tension was studied. Figure 12 shows the tension distribution
for t = 2320 min (just before irrigation) for the two crops in both soils and in several sections
of the crop profile. We selected z = 0.060 m, right in the organic matter layer, z = 0.100 m,
where the most superficial probes were placed, z = 0.180 m, in position of the tensiometer
capsule that directs the irrigation operation, and z = 0.200 m, where the deepest probes
were placed.
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general stres state of the soil water, as was to be expect d in view of the parameters of the
ret ntio curves.
4. Discussion
There seem to be differences between the different substrates. Soil B8 contains more
gravel and this seems to determine a more irregular distribution of moisture. In practice,
it is to be expected that no differences appear between the measurements of the probes.
If we add to this the differences in the calibration of the probe itself, the data should not
show clear differences, as is the case in practice.
Considering the evolution of soil moisture (Figure 8), the clayey texture of both soils,
together with the effect of the organic layer, makes the humidity spread rapidly through the
soil layers and, after watering, the humidity reaches an almost constant value. There are
times of the year in which a predictable distribution appears, in which the most humid area
is around the dripper, but there are other times, coinciding with the complete development
of the plant, in which a drying area appears around the plant or no recognizable distribution
appears. This behavior coincides with that observed by Coelho and Dani [49] in corn. This
circumstance sheds light on the importance of the extraction of the plant in intensive
layered soil crop systems.
4.1. Moisture Retention Curve of Greenhouse Soils
The soil sample B7 was subdivided into two subsamples corresponding to consecutive
depth parts of the core taken from the profile. It can be observed that soils B7-a and B7-b
are practically the same, which seems to confirm that the profile is homogeneous. The two
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soils, B7 and B8, also show a similar curve, in spite of their textural differences. The bases
also show the same behavior which is in line with the fact that the two substrates are
almost identical in terms of texture. The sand cover, due to its granulometry, presents
an extreme retention curve, in the sense that its capacity to store water is very low and
falls very quickly when the tension increases, even slightly. Some authors [50] have found
similar behavior in mulching materials. These results are consistent with the estimates
made based on the texture of each sample (see Figure 7).
4.2. Estimation of Water Movement Using the Hydrus-3D Program
In general, the model predicts well the behavior of moisture in the conditions posed.
On the other hand, the model predicts smoother variations in moisture than those recorded
in the field. This behavior may be because the roots increase the heterogeneity of the soil
and the variations in humidity are somewhat amplified.
The results show that the heavier B7 soil causes greater tension throughout the profile
for both crops. On the other hand, the sweet pepper crop occupies the soil and causes a
great tension gradient around the plant.
The observed behavior implies that the set point tension is reached earlier in heavy
soils, such as B7. For this type of soil, a higher set point tension or a wider distance of the
tensiometer from the plant is recommended so that the watering frequency would not be
excessive. Some researchers trying to determine the optimum stress point for a crop came
to the same conclusion [51], although in this case they worked with sandy soils.
Although high irrigation efficiencies are achieved in this geographical area, the study
shows that it is possible to improve irrigation management, reduce water consumption,
and therefore reduce pollutants from agricultural practice. In summary, the knowledge of
wet bulb distribution according to the type of soil, can allow farmers to establish future
irrigation strategies, and promote a more resilient greenhouse agriculture.
5. Conclusions
A procedure was defined for collecting and processing moisture data in layered soils.
It proceeded to reproduce in the model Hydrus-3D the conditions of behavior of a
layered soil and it was possible to verify that the predictions were adapted to what has been
observed. It was thus defined that the procedure could adequately simulate the evolution
of moisture in stratified “sanded” soils used in intensive horticultural greenhouse crops
under the usual irrigation conditions in this area.
It was found that the inclusion of a previous day in the simulation improved model
predictions of soil moisture distribution.
Under the conditions of the test and with a correct adjustment of the soil and root
parameters, the Hydrus model could adequately predict the moment when the tensiometer
launched the irrigation process, which allowed it to be used to optimize the control of the
irrigation process.
In soils with less gravel, a lower average stress and a more homogeneous moisture
distribution were observed.
In view of the results, the Hydrus-3D model could be used to establish future irrigation
strategies or to locate the optimal placement point of tensiometers that control irrigation in
sanded soils for intensive agriculture.
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